A novel electrode material based on chemically modified graphene (CMG) with aminophenyl groups is covalently functionalized by a nucleophilic ring-opening reaction between the epoxy groups of graphene oxide and the aminophenyl groups of p-phenylenediamine. Palladium nanoparticles with an average diameter of 4.2 nm are deposited on the CMG by a liquid-phase borohydride reduction. The electrocatalytic activity and stability of the Pd/CMG composite towards formic acid oxidation are found to be higher than those of reduced graphene oxide and commercial carbon materials such as Vulcan XC-72 supported Pd electrocatalysts.
Introduction
Graphene, a new class of two-dimensional carbon nanostructure, has recently been of special interest to researchers actively engaged in nano-science because it possesses many fascinating properties such as giant electron mobility, extremely high thermal conductivity and extraordinary elasticity and stiffness. [1−7] Therefore, it has potential applications in many fields such as nanoelectronics, sensors, nanocomposites, batteries, supercapacitors and hydrogen storage. [8] In particular, graphene is a good heterogeneous catalystsupport material for direct liquid fuel cells, due to its high specific surface area, excellent electronic conductivity, and high chemical stability. [3, 8, 9] Much effort has been devoted to the synthesis of metal nanoparticles (NPs)-graphene hybrid composites. [10−12] However, graphene lacks sufficient binding sites for anchoring precursor metal ions or metal NPs, so it is important to find ways to deposit stable, well dispersed metal NPs on its surface. In order to disperse NPs homogeneously on the surface, it must be modified via suitable functionalization. One promising route to achieve mass production of chemically modified graphene (CMG) is to generate it from graphene oxide (GO). Researchers have suggested that GO contains plentiful, chemically reactive epoxy groups on its basal planes. [13, 14] These epoxy groups can be easily modified through ring-opening reactions under various conditions. Wang et al. [15] demonstrated an epoxide ringopening reaction by means of adding octadecylamine to a dispersion of GO, producing colloidal suspensions of CMG platelets in organic solvents. In a relevant study, an ionic liquid with an amine end group was attached to GO platelets via the ring-opening reaction with epoxy groups. [16] This strategy could increase the number of surface nucleation sites for NPs. In this study, we report on the fabrication of CMG with aminophenyl groups as a catalyst-support by means of a nucleophilic ring-opening reaction between the epoxy groups of GO and the aminophenyl groups of p-phenylenediamine (PPD). After this reaction, palladium NPs are directly reduced onto the CMG supports. Our results show that Pd/CMG exhibits excellent catalytic activity and stability for formic acid oxidation in comparison with reduced graphene oxide (RGO) and Vulcan XC-72 supported Pd electrocatalysts .
Experiment

Materials
The graphite powder (SP grade), palladium chloride (PdCl 2 ), hydrazine hydrate, sodium borohydride (NaBH 4 ) and PPD were purchased from Sinopharm Chemical Reagent Co. Ltd., China. Potassium hydroxide (KOH) was obtained from Nanjing Chemicals, China. Unless otherwise stated, other reagents were of analytical grade and were used as received.
Synthesis of CMG and Pd/CMG composites
The GO was prepared according to a modified Hummer's method. [17] CMG with aminophenyl groups was synthesized between GO and PPD. 100 mg of PPD was added into 100 mL of a homogeneous, transparent GO (0.5 mg·mL −1 ) dispersion in water.
Then, 100 mg of KOH was added into the mixture and the mixture was subjected to ultrasonication for 30 min. Finally, the homogeneous solution was vigorously stirred at 80
• C for 24 h. After centrifuging and rinsing with water and ethanol several times, the resulting product was redispersed in 100 mg water. Then, 1 mL hydrazine hydrate was added into the dispersion and the reaction mixture was kept at 100 • C for 24 h under constant stirring. [18] The final products were centrifuged, washed and finally air-dried. For comparison, RGO was prepared by reduction of GO with hydrazine hydrate as described above. Pd/CMG composite was synthesized by using NaBH 4 as a reductive agent at room temperature. 20 mg CMG was dissolved in water by ultrasonic treatment for 2 h and 0.72 mL of 7 mg·mL −1 PdCl 2 solution was added under stirring. The pH value of this mixture was adjusted to 6.5 using 1 M NaOH. Then, 100 mg of NaBH 4 was slowly added into the mixture with stirring for 12 h at room temperature. The resulting slurry was centrifuged, washed with deionized water and then dried in a vacuum oven. For comparative purposes, the same procedure was followed for the syntheses of Pd/RGO and Pd/Vulcan XC-72(C). 
Preparation of electrode
Characterization
Infrared spectra were recorded with a model 360 Nicolet AVATAR Fourier transform infrared (FT-IR) spectrophotometer. X-ray photoelectron spectroscopy (XPS) was recorded on an ASTM E1829-02 system. The analysis of the composition of the catalyst was obtained with a Thermo IRIS Intrepid II inductively coupled plasma atom emission spectrometry (ICP-AES) system. X-ray diffraction (XRD) analysis was performed on Bruker D8-ADVANCE diffractometer with Cu Ka radiation at a wavelength of λ = 0.15418 nm. Transmission electron microscopy (TEM, JEOL JEM-2100) was used to investigate the morphology of samples.
Electrochemical measurement
All electrochemical measurements were carried out with CHI 660c electrochemical workstation, using a three-electrode test cell. A conventional threeelectrode system was used with a modified GC electrode as the working electrode (5 mm in diameter), a Pt wire as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. All electrolytes were deaerated by bubbling N 2 for 20 min and protected with a nitrogen atmosphere during the entire experimental procedure. All experiments were carried out at a temperature of (25 ± 1)
• C.
Results and discussion
We used FT-IR analysis of CMG to confirm covalent interactions for the nucleophilic ring-opening reaction between GO and PPD. Before recording the FT-IR spectra, the CMG was washed with water and ethanol repeatedly in order to get rid of any impurities. Figure 1 shows the FT-IR spectra of CMG and PPD. By comparison with the infrared spectra, we see that the CMG exhibits peaks corresponding to the C=C stretching of quinonoid (1575 cm . [19] Moreover, the peaks at 3200
and 3310 cm −1 can be assigned to the -NH 2 of aminophenyl groups. It is worth noting that some bands of PPD are shifted toward lower wavenumbers in the CMG composition. The spectral red-shift phenomena of chemically synthesized nanocomposite result from the interaction between the CMG and PPD in accordance with a recent report. [20] The spectral red-shift phenomena of chemically synthesized nanocomposite result from the aminophenyl groups grafted on the CMG nanosheets basal plane. Such a shift could be an evidence for the CMG with aminophenyl group formation between PPD and GO caused by nucleophilic ring-opening reaction between the epoxy groups of GO and the aminophenyl groups of PPD. Thus, it is clear that the aminophenyl groups were well attached to the CMG surface. To further illustrate the covalent functionalization, the XPS of CMG samples is given in Fig. 2 . As shown in Fig. 2(a) , the XPS survey scan spectrum exhibits distinct C 1s, N 1s and O 1s peaks. As exhibited in the inset of Fig. 2(a) , the N 1s spectrum shows a single component peak at 399.5 eV, which indicates that the experimental procedure was effective for grafting aminophenyl groups onto the CMG. [21, 22] Consequently, the aminophenyl groups are grafted to the surface of the CMG. A shoulder of the main NH 2 peak is observed at 401.5 eV and is associated with the presence of the ammonium species. The C1s XPS spectrum of CMG (Fig. 2(b) ) exhibits an additional component at 285.7 eV, and the new component can be assigned to the combination of the C bound to nitrogen, which appeared after the ring-opening reaction and the C-N groups forming from the aminophenyl groups of PPD. These results, combined with the FT-IR spectra, prove that the covalent reaction between the aminophenyl groups of PPD and the epoxy groups on the GO sheets occurred successfully. In order to compare the influence of different supporting materials on morphology of Pd NPs, we use TEM technique to analyse the shape and size distributions of the Pd NPs loaded on the three supporting materials. The three supporting materials are modified graphene sheets, reduced graphene oxide sheets and Vulcan XC-72 carbon powder, separately. The preparation of Pd NPs loaded on supporting materials is under the same condition. The TEM images and patterns of Pd NPs size distribution are shown in Fig. 3. From Fig. 3(a) , it is seen clearly that Pd NPs
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are uniformly distributed on the chemically modified graphene sheets. This observation contrasts with the results of control experiments in which the Pd NPs are deposited on RGO (Fig. 3(c) ) surfaces where particles of various sizes exist mostly as aggregates and are distributed randomly. In Fig. 3(e) , Pd NPs deposited on Vulcan XC-72 (Pd/C) also show a large size distribution of Pd particles that aggregated significantly in many regions. Results show that the mean sizes of Pd NPs are (4.2 ± 0.8) nm, (4.6 ± 1.1) nm and (5.5±1.3) nm for Pd/CMG, Pd/u-CMG and Pd/C, respectively. The small diameter and relatively narrow diameter distribution of Pd NPs on CMG is due to the immobilization of bifunctional aminophenyl groups, which offers uniformly distributed active sites for anchoring metal ions. In addition, the aminophenyl groups on CMG can effectively avert the aggregation of CMG and thus lead to water-dispersible graphene sheets. This composite provides highly effective surface areas of CMG for subsequent deposition of Pd NPs. Highly dispersed metal NPs on supports with larger surface areas have advantages in catalytic activity and sensor sensitivity. This unique structure appears to provide a suitable support for many uniform Pd NPs, thereby favouring high performance in formic acid oxidation, as discussed below. 
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Here, we propose a possible formation mechanism for Pd catalyst NPs on CMG. When the pH of the solution is controlled at slight acidity, the aminophenyl groups on the CMG surface become weakly positive charge. [23] It leads to the electrostatic interaction between the negative PdCl 2− 4 ions and positively charged functional groups of aminophenyl on the CMG, forming a uniformly distributed Pd ion precursors on the surface of CMG. Finally, sodium borohydride is added into this mixed solution to reduce the Pd precursors. The electrostatic interaction between Pd ions and GMG resulted in uniform and dispersive formation of Pd NPs on the CMG surface. On the other hand, this strategy could increase the number of surface nucleation sites for NPs.
The XRD patterns of the different composites are shown in Fig. 4 . The GO pattern (pattern a in Fig. 4 ) has a strong diffraction peak at a 2θ value of 9.7
• with a corresponding d-spacing of 0.91 nm. The increased interlayer spacing for GO can weaken the van der Waals interaction between layers and make exfoliation via sonication easier. [24] However, it is worth noting that no obvious peaks attributable to GO could be found for the CMG samples (pattern b in Fig. 4 ), confirming the reduction of the GO sheets and indicating that CMG was obtained successfully in this work. In conclusion, well-exfoliated GO and CMG were successfully obtained in this work. The XRD patterns of various Pd-carbon nanocomposites are shown in patterns c − e of Fig. 4 . Characteristic diffraction peaks of Pd(111) at 39.6
• and Pd(200) at 45.5
• for a facecentered cubic (fcc) structure were also observed. Pattern e in Fig. 4 shows that the Pd (111) band at 39.6
• is very broad for the CMG nanomaterial, which is in contrast to the sharp and narrow bands for Pd NPs on RGO nanomaterials (pattern d in Fig. 4) . The figure indicates the smaller size of Pd NPs on the CMG sheets. The application of Scherrer's [25] equation to the broadening of the Pd(111) peak shows that the average sizes of the Pd NPs for Pd/CMG, Pd/RGO, and Pd/C are 4.2, 4.6, and 5.5 nm, respectively. The practical compositions of Pd in different samples were evaluated by ICP-AES analysis. The Pd/CMG, Pd/RGO and Pd/C catalysts had the metal loadings of 30.1, 28.2, and 27.6 wt%, respectively. The oxidation currents of cyclic voltammograms and chronoamperometry tests were normalized to the measured metal loading for further comparing the activities of different catalysts. The electrochemically active surface area (ECSA) provides important information regarding the number of available active sites.
[26] Figure 5 shows cyclic voltammograms of different electrocatalysts that are in contact with 0.25 M H 2 SO 4 . All potentials were referred to the saturated calomel electrode (SCE) in this work. Typical hydrogen and oxygen adsorption/desorption behaviours on Pd can be clearly observed on the samples. The ECSA was estimated by integrating the voltammogram corresponding to hydrogen desorption (Q H ) by adapting the assumption of 212 µC·cm −2 from the electrode surface. The ECSA for Pd/C, Pd/RGO and Pd/CMG were estimated to be 107.5, 123.2, and 155.6 m 2 ·g −1 , respectively. This indicates that the Pd/CMG catalyst has a larger ECSA, which can be attributed to the uniform distribution and small particle size of Pd NPs on CMG. This result demonstrates that Pd NPs deposited on CMG are electrochemically more accessible, which is very important for electrocatalytic applications in fuel cells. In addition, the double layer capacitance was also obtained from 
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the cyclic voltammetry data. The electrical capacitance is a measure of the surface area. The increased double-layer thickness of the Pd/CMG based electrodes reflects the higher specific surface area of the support composite.
The high ECSA for the Pd/CMG material is also supported by the high electrocatalytic activity for electro-oxidation of formic acid. The obtained cyclic voltammetry (CV) curves exhibit very prominent characteristic peaks for formic acid oxidation. Figure 6 compares the formic acid oxidation activities of the three Pd catalysts in 0.25 M H 2 SO 4 containing 0.25 M HCOOH. As shown in Fig. 6 , the highest HCOOH oxidation current density can be observed in the Pd/CMG sample, indicating the highest catalytic activity for HCOOH oxidation. The current densities of Pd/CMG, Pd/RGO and Pd/C, calculated from the forward-scan, were 112.36, 70.13, 52.25 mA·mg −1 at 0.11 V, respectively. The higher electrocatalytic activity for the formic acid oxidation on Pd/CMG than those on Pd/RGO and Pd/C shows the importance of the distribution and the dispersion of Pd electrocatalysts on CMG supports. This is an important improvement for the Pd catalyst because the use of CMG as the support material can significantly reduce the amount of unit loading to achieve the same performance as that of the Pd/CMG.
i/mA{mg The chronoamperometric technique is an effective method to evaluate the electrocatalytic stability of catalyst materials. Figure 7 shows the typical current density-time responses of Pd-based catalysts for formic acid electro-oxidation. The polarization currents for the formic acid oxidation reaction on the three catalysts each shows a significant decay initially and reach a stable value after being polarized at 0.1 V for 600 s. The current decay for the HCOOH oxidation reaction indicates the slow deactivation of Pd-based electrocatalysts by the adsorption of CO or CO-like intermediates. [27, 28] These favourable properties may result from three factors. First, CMG with aminophenyl groups can greatly enhance the nucleation of nanocrystalline metals onto CMG by providing a large number of hydrophilic molecular groups on the surface. [29] These heterogeneous nucleation sites facilitate the deposition of finer, better dispersed Pd NPs, a highly desirable feature for Pd catalyst applications. Additionally, the specific interactions between the aminophenyl groups on the CMG and PdCl 2− 4 could lead to the deposition of Pd NPs in a narrower size distribution. [30] Well-dispersed Pd NPs on the Pd/CMG hybrid structure likely give rise to more phase boundaries, which in turn improves the catalytic efficiency. Finally, the CMG sheets each have a large surface area and the particles can be deposited on both sides of these sheets. On the other hand, the large surface areas may facilitate the transmission of the electrolyte and formic acid through the surface of the catalyst.
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Conclusion
The CMG with aminophenyl groups is successfully synthesized as catalyst-supports by a nucleophilic ring-opening reaction between GO and PPD. The CMG sheets are used as support materials for Pd NPs and the electrochemical properties of assemblies for formic acid oxidation are investigated. The superior performance of Pd/CMG is attributed to the better uniform distribution and dispersion with narrow particle size distribution. It is envisaged that both the ease and the convenience of the strategy developed in this study make it an attractive alternative for largescale and cost-effective production of CMG, as well as for the deposition of a variety of metal NPs on CMG for other heterogeneous catalyst applications.
